Background/Objective: Identify factors related to long-term survival, and quantify their effect on mortality and life expectancy.
INTRODUCTION
Several studies have reported on the long-term survival of persons with ventilator-dependent spinal cord injury (SCI) (1) (2) (3) (4) (5) . In the most comprehensive of these, DeVivo and Ivie (5) calculated substantially reduced life expectancies for these individuals compared with persons in the general population of comparable age, sex, and race. They identified age at time of injury, time since injury, and high-level neurologically complete injury as additional prognostic factors; found a substantial trend toward improving survival rates occurring from 1973 through 1992; and documented the leading causes of death to be pneumonia and heart disease.
Two more recent studies evaluated ventilator dependency as a negative prognostic factor for survival among all persons with SCI (6,7). The authors adjusted for age, sex, race, level of injury, completeness of injury, cause of injury, sponsor of care, hospital where rehabilitation took place, and the trend toward improving survival rates over time. They found that persons with ventilator-dependent SCI were 39.5 times as likely to die during the first year after injury as other persons with SCI, and they had 2.61 times higher mortality rates thereafter (6) . When health status, community integration, and economic status were also controlled, the odds of dying in any given year after the first anniversary of injury increased to 3.53 times higher for ventilator-dependent persons with SCI than other persons with SCI (7) . Neither study evaluated interactions between ventilator status and other prog-nostic factors, leaving open the possibility that the effect of factors such as age, sex, race, and neurologic level varies according to ventilator-dependent status.
The 3 most recent of the cited studies relied on data from persons treated in any of the federally funded model SCI systems of care located throughout the United States (5) (6) (7) . Using a more up-to-date version of the same database with additional patients and longer follow-up, we sought to (a) quantify the effects of additional prognostic factors on survival among ventilator-dependent persons with SCI, (b) update previous estimates of life expectancy, and (c) determine the leading causes of death. The factors considered were age, sex, race, etiology of injury, current calendar year, level of injury, American Spinal Injury Association (ASIA) grade of injury, and time since injury.
MATERIALS AND METHODS Study Population
Data for this study were collected through the model SCI systems program and submitted to the National Spinal Cord Injury Statistical Center (NSCISC). As many as 25 SCI centers located around the United States have contributed to this database. Detailed descriptions of the history, eligibility criteria, data collection protocol, data quality control procedures, and current status of the NSCISC database have been published previously (8, 9) . This is a large and comprehensive source of data on SCI. Briefly, to be included in the database, individuals must have (a) had a clinically discernible degree of neurologic (spinal cord) impairment after a traumatic event, (b) been treated at a model system within 1 year of injury, (c) resided in the model system geographic catchment area at the time of injury, and (d) given informed consent.
To be included in this study, individuals also had to be ventilator dependent on discharge from inpatient rehabilitation. Ventilator dependence was defined as use of any type of mechanical ventilation to sustain daily respiration for at least part of the day. Twelve persons with implanted phrenic nerve stimulators at discharge were included in the study, and a few others may have had phrenic nerve stimulators implanted later. Emergency mouth-to-mouth or machine resuscitation, routine administration of oxygen, emergency ''bagging,'' periodic intermittent positive pressure breathing (IPPB) administration, or operative/postoperative ventilator support used for less than 7 days were not considered to constitute ventilator dependence. This definition of ventilator dependence is consistent with that used in all previous studies involving the NSCISC database. It is not possible with this database to distinguish individuals who are ventilator dependent 24 h/d from those who require it less often.
There were 1,014 persons meeting the above inclusion criteria, 595 of whom died during the 1973-2003 study period. Because the primary focus of this study was on adults, eligibility was further restricted to the 810 persons older than 20 years of age at injury. Long-term survival among children will be the subject of a separate study. Eligibility was further restricted to the 319 persons who survived at least 1 year after injury. This focus on long-term mortality enabled us to avoid consideration of transient short-term effects on survival and their possible interactions and eliminated the effect of the large mortality rates seen in the first 12 months after injury. All persons were at least 21 years of age during the study period. The average time to system admission was 42 days, with 70% arriving within 30 days and 85% within 60 days.
Data Collection
Demographic data were collected using a standardized protocol by trained individuals at each model system and sent to the NSCISC database. The neurologic examination was performed just before model system discharge in accordance with the most current version of the International Standards for Neurological Classification of SCI (10) . Neurologic level of injury was defined as the most caudal segment of the spinal cord with normal sensory and motor function on both sides of the body. The ASIA Impairment Scale was used to categorize the extent of injury as either neurologically complete (Grade A), incomplete with sensory, but not motor, function preserved through the S4-S5 segment (Grade B), incomplete with motor function preserved and more than one half of key muscles below the neurologic level having a grade less than 3 of 5 (Grade C), or incomplete with motor function preserved and at least one half of key muscles below the neurologic level having a grade of at least 3 of 5 (Grade D). Before 1992, degree of completeness was determined using the Frankel scale; after 1992, this was determined using the ASIA impairment scale (11, 12) . Given the comparatively longer length of stay for ventilator-dependent persons, much of the neurologic recovery in this group will have occurred by discharge, so discharge neurologic level and ASIA Impairment Scale should be stable thereafter and will be a better predictor of long-term survival than neurologic status at initial hospital admission (12) .
Date of death was reported to the NSCISC database by the model system data collectors whenever, in the course of their routine follow-up data collection activities, they determined an individual to be deceased. In addition, during March and April 2004, the staff of the NSCISC checked on the survival status of persons in the database whose identities were known (about one half the database) by searching the Social Security Death Index (SSDI) and several individual state death indices online at www.ancestry.com. Persons not reported as deceased by the model system and not found in the SSDI or state death indices were assumed to be alive on January 1, 2004. The SSDI alone has previously been found to be 92.4% sensitive and 99.5% specific for persons in the NSCISC database (13) .
Causes of death are documented from any of 3 sources, including the death certificate, hospital discharge summary, or autopsy report. Primary (underlying) cause of death was determined using the same methods used by the National Center for Health Statistics for reporting United States vital statistics, except that any reference to either SCI or the original injury-producing event was excluded from consideration as a possible underlying cause of death. Therefore, any external causes of death will represent new unintentional injuries, suicides, or homicides that occur after the SCI. This approach is consistent with prior published reports using the NSCISC database (5, 6, 14, 15) .
Statistical Analysis
Using data on the final study population of 319 persons, 2 data sets were created. The first was a traditional survival data set (16) with 319 rows, 1 for each person. Columns correspond to the associated variables, including age, sex, level and completeness of injury, survival time, and an indicator of whether the person died during the study period. There were 121 deaths. Kaplan-Meier survival curves (16) were generated for several subsets of these data. These simple survival analyses were useful for preliminary analysis, but more powerful methods were used on the second database to address all the research questions of interest, as described below.
In the second data set, each person contributed 1 person-year of data for each year of the study that he or she was alive and met the eligibility criteria (17) . The resulting data set had 1,986 person-years and (as in the other data set) 121 deaths. This data set was analyzed using logistic regression (18) to determine the factors related to the probability of dying in any given year and to quantify their effect on that probability. This approach, sometimes known as pooled repeated observations, is formally equivalent to a Cox model with time-varying covariates but is considerably more convenient to implement. The method can readily identify and account for a ''time since injury'' effect if one does indeed exist (we return to this point in Results). For further details of the method and discussion of its versatility, see Strauss et al (17) and the references cited there. On the basis of prior research and biologic plausibility, a number of plausible models were studied. We considered the main effects and 2-way interactions of age, sex, race, etiology, current calendar year, level of injury, ASIA grade of injury, and time since injury. For model selection, we used the deviance statistic (19) for nested models and the Akaike information criterion (19, 20) otherwise.
The final model was used to compute the annual mortality probabilities, which were converted to mortality rates. The latter were used to construct life tables (21) (22) (23) , which yielded the life expectancies by age and neurologic category.
The effect of a secular (time) trend or, equivalently, the effect of calendar year, was also studied. Three nonoverlapping data sets were considered separately: (a) the first 12 months after injury only, (b) the period from 12 to 36 months after injury, and (c) 3.0 years and later after injury. The final logistic regression model from above was used as the starting point for these studies.
To study the issue of a secular trend further, we repeated the Cox regression analyses carried out by DeVivo and Ivie (5), using data from 1973 through 1994 as they did, but using updated death information through January 2004 for some cases that were originally lost to follow-up. For further details on the data and methods, the reader is referred to the original study.
In the Discussion, we compare life expectancies, mortality rates, and excess death rates (EDRs) for persons who are ventilator dependent with the associated values for persons with similar SCIs who are not ventilator dependent. An EDR is simply the difference between 2 mortality rates and represents the extra risk of death caused by a factor. We note that, for a given SCI life expectancy at a specified age, the underlying mortality rates at all ages can be determined. It has been shown that the model of ''proportional life expectancy'' (24) can reasonably be used in SCI data.
RESULTS
Before creating the 2 study data sets, the question of whether ventilator dependence has become more or less common in the entire NSCISC database over time was examined (details not shown). There was no significant trend, and overall, approximately 2% of persons in the database were ventilator dependent. Table 1 provides demographic and other descriptive statistics for the limited study population of ventilator-dependent patients. Figure 1 shows Kaplan-Meier survival curves for subjects 20 to 39 and 40þ years of age at the time of injury. As can be seen, older persons fared dramatically worse. Figure 2 shows curves by ASIA grade at the time of discharge from rehabilitation. Even in a population limited to ventilator-dependent persons, those with the most severe injury grade (ASIA A) had poorer survival. These curves can be compared statistically to determine whether they are significantly different (eg, using the logrank test) (25) . However, to consider multiple factors simultaneously, it was necessary to analyze the personyear data set using logistic regression.
The logistic regression modeling procedure identified 4 factors strongly related to survival: age, time since injury, and level and grade of injury. Other factors, including sex (odds ratio [OR] for men ¼ 0.96, P ¼ 0.57), race (OR for whites ¼ 0.90, P ¼ 0.59), and etiology of injury (OR for violence ¼ 1.04, P ¼ 0.89), were not practically or statistically significant.
The final model is shown in Table 2 . The most efficient coding of the age variable proved to be a roughly constant value from 20 to 40 years of age and a linear increase for those older than 40 years of age. The OR of 1.072 indicates that the risk of death increases by approximately 7% for every year of age over 40 years of age.
The C1-C5 ASIA A group had the highest mortality rates, with an OR of 2.268, indicating 2.268 times greater odds of dying than among ventilator-dependent persons who were not C1-C5 ASIA A. Other injury levels (C6 and below) and ASIA grades (B, C, D) were not substantially different from one another and were thus combined (they represent the reference group, with an odds ratio of 1.0). In particular, C1-C5 ASIA B injuries had a significantly better prognosis than C1-C5 ASIA A (OR ¼ 0.45, P , 0.05), and C5 was similar to C1-C4. Our impression was that many persons with injuries at levels C6 and lower are eventually weaned from ventilator dependence after discharge, whereas comparatively fewer of the C1-C5 ASIA A persons are subsequently weaned. The time to weaning and factors that affect it are beyond the scope of this study, but we hope to report on that separately. Time since injury proved to be an important factor for years 2 and 3 after injury (recall that Year 1 was excluded from the data in this analysis), the odds ratio of 2.6 indicating high mortality risk in the first years after injury. After 3 years after injury, there was no discernible relationship between time since injury and mortality, with other factors being equal.
As noted in Methods, we partitioned the data into (a) person-years for the first 12 months after injury, (b) those for the next 24 months, and (c) those for the period 3þ years after injury. For each, we used the logistic regression model of Table 2 and added terms for the calendar periods 1973-79, 1980-89, and so on. Table 3 shows the results for the first postinjury year only. As can be seen, there is a strong secular trend for the odds on dying decreasing from approximately 1.0 to 0.4 to 0.2 to 0.08 over the 30-year period. This is a dramatic decline; other things being equal, the chance of dying in the first postinjury year was approximately 12 times higher in the 1970s than in the most recent period. After the first 3 years after injury, however, there does not seem to be a secular trend at all, except for an early reduction in the odds of mortality after 1979 (results not shown). We studied this using various models, with linear and indicator variables, and found no downward trend whatsoever since 1980. In fact, there was a small and statistically insignificant upward trend. Finally, the ''middle'' interval-12 to 36 months after injurysuggested an intermediate pattern, with some suggestion of improvement over the study period, but one that was not clearly or statistically significant (results not shown).
In our reanalyses of the data of DeVivo and Ivie (5), we again found that the secular improvement in survival seems to be confined largely to the critical first year after injury. The overall result was a less pronounced, and not statistically significant, secular trend. Further analysis confirmed that there was no trend after the third postinjury year.
Life expectancies based on the model of Table 2 are shown in Table 4 . These apply to persons with SCI who are ventilator dependent and are 3 or more years after injury. Table 4 provides life expectancies for long-term survivors. For persons who have not yet reached the 3-year mark, the life expectancies would be lower. As can 23 be seen, life expectancy among the ventilator-dependent persons decreases both with age and severity of injury. For example, the life expectancy is 18.6 years for a 30 year old who has a C1-C5 ASIA A injury but only 2.2 years for an 80 year old.
Cause of death was known for 84 of 121 cases (69%). Known causes included 26 (31%) deaths caused by pneumonia and other respiratory diseases, 13 (15%) caused by heart disease, 10 (12%) caused by septicemia secondary to infections of either the urinary tract, pressure sores, or the gastrointestinal tract, 10 (12%) caused by symptoms and ill-defined conditions (typically with ICD-9-CM code 799.1, respiratory arrest), 8 (10%) caused by external events (5 unintentional injuries and 3 of unknown intent), 5 (6%) caused by diseases of the digestive system, 3 (4%) caused by pulmonary emboli, 3 (4%) caused by cerebrovascular disease, 2 (2%) caused by cancer, and 4 caused by other causes. There were insufficient sample sizes to assess any trends over time in causes of death.
DISCUSSION

Secular Trend
DeVivo and Ivie (5) previously studied the issue of a secular trend. They reported a strong trend, with survival of ventilator-dependent persons being much better for persons injured from 1986 through 1992 relative to 1973 through 1979. Using updated data through January 2004 and working with more sensitive methods described here, we found that the improvement seems to be confined largely to the critical first year after injury. This likely reflects great advances in acute care and rehabilitation during the critical first year after injury and undoubtedly led to a greater percentage of medically fragile patients surviving to Year 2 and onward.
That the trend in the reanalysis of DeVivo and Ivie (5) was limited to the early postinjury years is consistent with the findings of this study. It is reasonable to expect that improved acute trauma and rehabilitation medical care will have greatest impact in improving mortality during the period of greatest risk in the critical early period. However, improvements in longer-term rehabilitation for ventilator-dependent persons with SCI do not seem to have resulted in substantially improved long-term survival rates.
The issue of an overall secular trend in nonventilator-dependent SCI survival has been recently studied (24) . The findings were strikingly similar to this research: a strong trend toward improved survival during the first postinjury year and little if any such trend for the third and subsequent years.
Time Since Injury
After controlling for the effects of age and level and extent of injury, we found that mortality rates in the fourth postinjury year and onward were unaffected by time since injury. This is similar to previous findings from the same database for ventilator-dependent persons. In their 1999 study, DeVivo et al (6) found diminishing gains in life expectancy for ventilator-dependent persons as time after injury increased through the fifth postinjury year, with no further gains thereafter. This conceivably reflects a survival of the fittest phenomenon where only those who are very healthy at the time of injury, are strongly motivated, and have good family support survive the first few years of very high mortality rates. However, those who do survive beyond the first few years tend to do relatively well thereafter and report reasonably good quality of life (26) .
Other Prognostic Factors
Among the many prognostic factors that were evaluated in this study, age, level and completeness of injury, and time since injury were the key predictors of survival for persons who are ventilator dependent after SCI. Survival rates decrease with age, as indicated by the odds ratio of 1.072 for each year of age over 40 years of age. The comparable figure for those not ventilator dependent is 1.06 (6), although the difference is not statistically significant.
The absence of significant associations between sex or race and the annual likelihood of survival is also consistent with previous findings (5). Life expectancy is typically too short in this population for the usual effects of sex and race that are caused by differential levels of smoking, alcohol consumption, stress, exercise, etc, to have a significant impact. Preinjury differences in these factors between men and women and among the various racial and ethnic groups are often eliminated after such a severe injury occurs. Moreover, there is no evidence or reason to believe that any specific sex, racial, or ethnic group is at differentially high risk for pneumonia, septicemia, pulmonary embolism, or any of the other leading causes of death in this population or that the cause-specific case fatality rates once these complications occur would vary by sex or race. The one exception where differential risk by sex and race does exist is heart disease. However, most deaths categorized as caused by heart disease in this population are nonischemic cardiac deaths in relatively young people and may not be a true reflection of underlying heart disease (27). Table 2 of the 1995 study by DeVivo and Ivie (5) notes a life expectancy of 23.6 years for a patient 30 years of age who is ventilator dependent and has survived at least 2 years after injury. A more recent study by DeVivo et al (6) reported a life expectancy of 28.5 years for a 25 year old who is ventilator dependent and at 5 years after injury. The value at age 30 years would be approximately 3 years lower (25.5 years). These figures were based on all persons who were ventilator dependent at discharge, but some patients, particularly those with lower injury levels, were subsequently weaned off the ventilator. This study concentrated on the individuals with the most severe injuries (C1-C5 ASIA A), in whom the proportion who are subsequently weaned will be lower. Our impression is that persons with C6 or lower injuries will often eventually be weaned. It is thus not surprising that this study gives a lower figure for life expectancy, 18.6 years, at age 30 years (Table 4) . Conversely, the life expectancy of 27.8 years reported here for 30 year olds with other level/grade injuries (eg, C8 ASIA A or C3 ASIA B) is higher than the above figures (23.6 and 25.5 years). Undoubtedly, this is because the current figure is level/grade specific, whereas the previous figures are an average over all levels/grades.
Life Expectancy
Excess Mortality Associated With Ventilator Dependence
The excess mortality for persons with SCI who are ventilator dependent, compared with similarly disabled persons who are not ventilator dependent, is primarily caused by respiratory diseases. Mortality rates in these 2 groups can also be compared. For example, for a person 30 years of age with a C3 ASIA A injury, the life expectancy is 22.3 years (based on an adjustment to the figures in Table 14 -3 of DeVivo and Stover) (27) . As noted above, for ventilator dependence, it is 18.6 years. The EDR can be shown to be approximately 1% (see explanation in Methods). At age 50 years, the value is 2%. The EDR thus seems to increase with age, as is common in many conditions (22, 28) . These EDRs do not seem to have been explicitly published previously.
As an independent check of a related but less severe mortality risk factor than ventilator dependence, we undertook a separate study of persons who required a tracheostomy but who were not ventilator dependent. The data were from approximately 1000 persons with developmental disabilities (29) (30) , but not SCI, who required a tracheostomy compared with otherwise comparable persons who did not require a tracheostomy. The resulting EDR of roughly 1% did not seem to vary by age or severity of injury. That the EDR for tracheostomy was less than that for ventilator dependence makes clinical sense and serves to confirm both results.
We also compared these results with that of another group with catastrophic disability. In follow-up of a previous study of persons in the vegetative state (32) (ie, severe brain injury), we computed an EDR for ventilator dependence of approximately 2%.
Other Considerations
Our personal experience suggests that approximately 25% of persons with SCI and ventilator dependence have traumatic brain injury (TBI), and 25% require gastrostomy feeding. Both factors are known to be negative for survival (32) (33) (34) (35) (36) . One might therefore ask whether some of the excess death rate for ventilator dependence (1% and 2% as derived above) is caused by these factors. Given that the EDR for tracheostomy dependence alone seems to be approximately 1%, however, any overestimation is likely small.
That ventilator dependence is an independent predictor of diminished survival is not surprising. The association of mechanical ventilation with risk of pneumonia is well known, and this study confirmed pneumonia and other respiratory diseases as the most common cause of death for these patients. Aspiration should also be considered as a possible contributor to the risk for pneumonia in this patient population, given the increased risk of aspiration in patients with mechanical ventilation and tracheostomy (37) . While the NSCISC database does not include information on the incidence of dysphagia and the method of alimentation, it should be assumed that individuals with high-level tetraplegia are at risk. The clinician's response to these survival data should be the institution of appropriate preventive measures aimed at improving the overall health of the patient with particular attention to the respiratory system. The safety of oral feeding should be assessed, and an alternative route of alimentation (feeding tube) should be provided when aspiration is documented. Pneumococcal and influenza vaccinations should be administered. Comprehensive periodic evaluations should include focused study of the respiratory system with physical examination, chest radiographs, pulmonary function assessments, and laboratory testing. While there is a lack of evidence-based guidance on the specifics of respiratory management of this patient population, a recent Clinical Practice Guideline on Respiratory Management After Spinal Cord Injury provides consensus expert opinion recommendations for the field that will hopefully lead to improved short-and long-term outcomes (38) .
Weaknesses of this study are related to limitations of the NSCISC database. First, the database only captures data from approximately 13% of the persons who have sustained an SCI in the United States (8) . Nonetheless, it could be argued that, because there is a relative overrepresentation of higher-level and more complicated cases in the Model System centers that contribute patient data to this database (9) , it is likely to be more representative of this ventilator-dependent subpopulation than of the population of persons with SCI as a whole. Additionally, the database does not capture other data that may be of prognostic importance, such as amount of ventilator use, dysphagia, aspiration, smoking history, severity of concomitant injuries such as traumatic brain injury, and chest trauma. The database also has incomplete follow-up on ventilator status of some persons who may have been successfully weaned from the ventilator after discharge from rehabilitation, and the study was restricted to those who were dependent at discharge. To the extent that any persons included in this study were subsequently weaned, the life expectancy of confirmed long-term ventilator-dependent persons may be overestimated by the results reported here. Further-more, the relatively small sample sizes at the various severity levels, and consequent random variation, led us to use a rather broad grouping of injuries (eg, C1-C5). Additional data and further research would allow for more precise modeling and estimates. Finally, causes of death were missing for 31% of the deaths where identifying information was unknown to the NSCISC staff, thereby precluding use of the National Death Index to ascertain the missing data. With so many missing causes of death, calculation of meaningful cause-specific standardized mortality ratios was not possible.
CONCLUSION
An appreciation of survival and life expectancy is central to the overall understanding of the impact of SCI, not only for the individual, but also for families, the community, and society as a whole. As they begin their experience with catastrophic disability in the trauma hospital intensive care setting and progress later in acute rehabilitation, patients and their family members often have mistaken and excessively pessimistic assumptions regarding the effect of SCI on life expectancy. This may be especially true in the case of ventilator-dependent high tetraplegia, the most critically injured category of this patient population. It is therefore important for clinicians to provide accurate evidence-based education on the topic to enable a more informed understanding of what lies ahead. These issues are also of interest to thirdparty payers, where information on survival and life expectancy is essential for planning resource allocation over the lifetime of the injured patient. While prevailing wisdom suggests that ventilator-dependent tetraplegia is associated with the most severe impact on life expectancy in SCI, changes in our health care system and ongoing refinements in our care of this patient population warrant a periodic reassessment of this important information.
